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Abstract 
In a typical urban area where buildings are built in a cluster with random spacing, the distribution of the wind pressure on a 
building is influenced by interference effects from neighbouring buildings, which could ultimately affect the wind-induced 
ventilation across the building. Large-eddy simulations (LESs) were conducted for six cases of staggered random arrays with 
various packing densities (λp). In addition, the heterogeneity of a typical urban surface was represented by buildings of different 
heights. Each type of building had a different aspect ratio αp (the ratio of the front area to the planar area of the building), which 
ranged between 0.84 (low-rise building) and 3.76 (high-rise building). The LES results showed that high-rise buildings (i.e. αp ≥ 
3.0) were less obstructed from the approaching flow because they had higher aspect ratios than the low-rise buildings (i.e. αp ≤ 
2.64). This was also because of their positions immediately behind the low-rise buildings. In dense arrays (i.e. λp ≥ 0.250), the 
pressure drag was dominated by high-rise buildings by up to 55%. These findings will be beneficial in a study of the mean 
pressure distribution of clustered buildings. Although the results of this study were exclusive to random staggered arrays, they are 
an important addition to the existing literature on the study of wind-induced ventilation in urban areas.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The climate of an urban area is distinguishable from its surrounding area, which has minimal air pollution and a 
lower average temperature [1]. Pollutants emitted by transportation and industry trap heat within the urban 
environment, resulting in the thermal discomfort of its inhabitants. Because the movement of air for the transport of 
heat and pollutants to the atmosphere is restricted within an urban area, the use of air-conditioning systems is 
imperative, particularly for industrial, commercial, and residential buildings [1]. However, air-conditioning systems 
have high operating costs, which account for the highest percentage of energy consumption. Natural ventilation (or 
wind-induced ventilation) is a far cheaper and cleaner alternative to mechanical ventilation because it saves energy.  
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In assessing wind-induced ventilation, an investigation of the wind pressure distribution is crucial, especially 
when solid-walled buildings are concerned [2, 3]. Several studies have included the factor of thermal differences to 
study the ventilation of buildings with openings [4, 5]. In this study, solid-walled buildings were considered, with the 
focus on the urban geometry for idealised urban cases. Because a typical urban area is essentially a built-up cluster 
of buildings, the wind-induced ventilation of an urban building is subject to the sheltering effects from surrounding 
buildings, which can significantly obstruct natural wind flow [6]. In this regard, the packing density (λp), which is the 
ratio of the planar area of buildings to the total urban surface area, is used to classify different levels of building 
density (i.e. between sparse and dense conditions). In addition, to demonstrate urban surface heterogeneity, which is 
important for idealised cases representing real urban geometries [7, 8], a building's aspect ratio αp (i.e. ratio of the 
frontal area to planar area of a building) is discussed. Buildings with a high αp have a larger frontal surface, 
corresponding to a greater wind pressure drag imposed on the flow [9, 10]. However, this may vary in other cases of 
λp due to sheltering effects as the distances between buildings decrease. The current findings lack practicality in 
terms of the significance of the effects of these geometric parameters on the wind pressure distribution. Previous 
studies focused on the λp of building arrays [8, 9, 11], with less emphasis on individual buildings. Therefore, the use 
of heterogeneous urban models was intended to present more accurate results relative to real urban conditions.  
In summary, this study had two major aims. First, the ratio of a building’s pressure drag to the total pressure drag 
(i.e. obtained for all the buildings) was analysed to evaluate the sheltering effects in each λp studied. Second, the 
wind pressure distribution was obtained for a high-rise building to comprehend its pattern with varying λp, since a 
high-rise building is usually the least affected by sheltering effects from surrounding buildings. In this matter, higher 
and lower pressure regions for a building allowed a clear visualisation of the factors causing wind pressure variation. 
These two main findings regarding heterogeneous arrays are expected to be practical for a real urban case.  
 
Nomenclature 
λp packing density  
αp  aspect ratio of a building 
h standard building height 
have average building height 
hmax maximum building height 
σh standard deviation of building height 
u* friction velocity 
β ratio of individual pressure drag (of a building) to the total pressure drag (of all buildings) in each array 
Uref reference velocity 
Cd drag coefficient 
Cp wind pressure coefficient 
2. Methodology 
2.1. Geometric parameters 
This study focused on the vertical randomness (i.e. building height) of roughness arrays in a staggered 
arrangement of buildings. The layout of a random staggered array is shown in Fig. 1, in which the labels shown (i.e. 
H1 to H9) on each building (i.e. grey-shaded squares) represent their heights. The building heights are as follows: H1 
(0.36h), H2 (0.84h), H3 (1.32h), H4 (1.50h), H5 (2.00h), H6 (2.64h), H7 (3.00h), H8 (3.32h), and H9 (3.76h), where h 
is 0.025 m. The computational domain height is 4hmax (where hmax is the maximum height of a building equal to 
3.76h). These buildings can be categorised into high-rise (αp ≥ 3.0), medium-height (1.50 ≤ αp ≤ 2.64), and low-rise 
buildings (0.36 ≤ αp ≤ 1.32); H9, H8, and H7 are grouped as the high-rise buildings; H6, H5, and H4 are grouped as the 
medium-height buildings; and H3, H2, and H1 are grouped as the low-rise buildings. The roughness Reynolds 
number Re*, based on the total friction velocity and average building height (have = 1.5h) is around 1900, which is in 
the fully rough regime based on previous work [12], from which the flow is considered fully rough when Re* is 
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approximately greater than 0.5. As listed in Table 1, all the random arrays are denoted with RA, which is followed 
by three digits representing λp in thousandths. For example, RA044 represents the case of λp equal to 0.044. In Fig. 2, 
the percentage of blocks, which was previously determined and adopted by [13] is made standard for all cases.  
 
Fig. 1. Plan view of random staggered array (for RA250) where h is 
characteristic building length (25 mm) and labels H1 to H9 represent 
building heights.  
 
 
Fig. 2. Histogram of block heights of all random staggered arrays [13]. 
 
 
Table 1. Six simulation cases designated by λp, where h refers to characteristic building height of 25 mm. 
Array type Simulation 
case  
λp Computational domain size Number of grid points 
Random 
staggered 
RA044 0.044 24h × 24h × 15h 2.50 × 106 
RA082 0.082 17.5h × 17.5h × 15h 2.00 × 106 
RA170 0.170 12h × 12h × 15h 2.80 × 106 
RA250 0.250 10h × 10h × 15h 2.80 × 106 
RA309 0.309 9h × 9h × 15h 2.80 × 106 
RA391 0.391 8h × 8h × 15h 2.80 × 106 
2.2. Numerical settings 
In this study, a large eddy simulation (LES) was performed with a Smagorinsky model for random staggered 
arrays, using OpenFOAM® software. The discretisation setting was second-order accurate in the approximation by 
Taylor series polynomials; this is suggested as a minimal requirement in setting the space and time derivatives to run 
the LES [14]. In fact, other numerical studies that employed LES [15, 16] also configured their numerical schemes 
with the minimal requirement. Therefore, a second-order backward, implicit scheme was used for time 
discretisation, and a second-order central scheme was used for space differencing. A cyclic condition was imposed 
in the streamwise direction, and a symmetry boundary was imposed in the spanwise direction. A free-slip condition 
was applied on the top boundary, and a no-slip condition was applied on wall surfaces, i.e. floor and blocks. An 
initial uniform streamwise velocity field (8 m/s) was applied in the internal domain to drive a constant flow.  
2.3. Validation of wind velocity profile and drag coefficient 
Fig. 3 compares the velocity profiles of the random staggered arrays from this study (i.e. RA170, RA309, and 
RA391), normalised by friction velocity u*, with those obtained from a wind tunnel experiment [13], denoted by Ra 
(Za). The discrepancy between these profiles is less than 10%, especially in the range 5 ≤ z/have ≤ 10 for RA170, 
RA309, and RA391, which indicates agreement with the experimental results. In addition, the U/u* values are higher 
for sparse arrays (i.e. RA044 and RA082) than more dense arrays, i.e. λp ≥ 0.170. This could be due to a higher 
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surface drag in the dense arrays compared to the sparse arrays [13, 17], where the flow was less obstructed. In fact, 
several previous experimental studies obtained higher drag coefficients (Cd) for building arrays with higher packing 
densities compared to those with low packing densities. Therefore, as an addition to the validation process, the 
results of Cd are shown for all cases in Fig. 4, including the experimental results [13]. This figure shows a 
consistency between the LES and experimental results for all arrays, with less than 10% discrepancy, and an 
increasing trend of Cd with λp.  
 
Fig. 3. Normalised mean streamwise velocity of random staggered 
arrays where Ra (Za) refers to experimental data of [13] for three 
packing densities, i.e. 0.170, 0.309, and 0.391. 
 
Fig. 4. Drag coefficients of random staggered arrays where LES refers 
to present numerical data of random staggered arrays, and Ra (Za) 
refers to experimental data [13]. 
3. Results and discussion 
3.1. Effects of building’s aspect ratio and packing density on pressure drag 
To analyse the influence of a building’s aspect ratio αp on the pressure drag, the ratio of the total pressure drag of 
buildings with similar heights to the total pressure drag of all the buildings in an array (β) is introduced in Eq. (1).  
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where Ai is the frontal area of building i (where i represents buildings with the same height, i.e. from 1 to 9), and the 
numerator is the summation of the mean pressure difference of all buildings i. In Fig. 5, β is plotted against λp for all 
the buildings. The results show that building 9 (hereafter H9) has the highest β of all the packing densities. For dense 
arrays (λp ≥ 0.250), the influence of the high-rise buildings (H9, H8, and H7) is rather prominent, as the accumulated 
β for the three buildings is greater than half of the total pressure drag. This is because the high-rise buildings, which 
have high aspect ratios, are minimally affected by the sheltering effects. In contrast, the β values of the low-rise 
buildings (i.e. H1, H2, and H3) decrease considerably as λp increases. These values become negative at λp = 0.391, 
indicating that the decreased spacing within the building array greatly induces turbulence, which subsequently 
affects the pressure distribution around the low-rise buildings. This evidently has less impact on the high-rise 
buildings, as well as on other buildings, i.e. H4, H5, and H6, for which the β values fluctuate insignificantly 
(discrepancy of less than 10%) for all cases. In brief, the presence of high-rise buildings can have a great impact on 
the total pressure drag of a building array. This analysis demonstrates that the sheltering effects between buildings, 
which are essentially represented by λp, could be influential on both low-rise and high-rise buildings, but with 
adverse effects on the wind pressure distribution of the former.  
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Fig. 5. Ratio of individual pressure drag to total pressure drag in each λp. 
3.2. Wind pressure coefficient distribution for high-rise building. 
The wind pressure coefficient Cp is calculated using Eq. (2), as shown below.  
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where Uref is the reference velocity of 8 m/s. In Fig. 6, Cp is plotted for H9 in each case since its impact on the total 
pressure drag is significant in all cases, as presented earlier. Therefore, it is necessary to visualise its wind pressure 
distribution to fully understand the sheltering effects imposed on H9. From this figure, the symmetrical distribution 
of Cp is observed for all λp. This is due to the position of H9 itself, which is strategically located right behind low-
rise buildings. Thus, there is less obstruction for the incoming wind flow in the streamwise direction. However, 
there is a huge discrepancy between RA044 and RA391, as a higher Cp is observed in the former than in the latter. 
Thus, the effect of the packing density is more significant in dense arrays (i.e. λp ≥ 0.170) for high-rise buildings.  
 
Fig. 6. Cp distribution of H9: (a) λp = 0.044, (b) λp = 0.082, (c) λp = 0.170, (d) λp = 0.250, (e) λp = 0.309, and (f) λp = 0.391. 
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4. Concluding remarks 
LES was performed to simulate a fully rough flow over random staggered arrays of urban buildings to analyse 
the wind pressure distribution on individual buildings. First, the relationship between two geometric parameters (the 
packing density and building’s aspect ratio) and β was shown in a graph. The pressure drag was higher for high-rise 
buildings (mainly H9) than for other buildings. In fact, this was an increase with increasing λp, while the pattern was 
inverted for low-rise buildings (i.e. H1, H2, and H3). Therefore, it was deduced that in dense arrays, the sheltering 
effects on low-rise buildings were more significant than on high-rise buildings. 
Second, in visualising the wind pressure distribution of a high-rise building (i.e. H9), the pressure coefficient 
contour plots showed that there was a discrepancy as λp increased. This was most apparent between λp = 0.044 and λp 
= 0.391, which demonstrated that the impact of sheltering from surrounding buildings was higher in a dense array. 
However, all the contour plots were similar in terms of the higher pressure coefficient locations, which were mostly 
in the upper half region, indicating the reduced effects of sheltering for the incoming wind flow. In brief, although 
these findings were exclusive to the idealised urban cases used, they present useful information for a real building 
case. As a potential future study, an additional parameter for different high-rise building positions can be included.  
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